A classification scheme for membrane proteins is proposed that clusters families of proteins into structural classes based on hydropathy profile analysis. The averaged hydropathy profiles of protein families are taken as fingerprints of the 3D structure of the proteins and, therefore, are able to detect more distant evolutionary relationships than amino acid sequences. A procedure was developed in which hydropathy profile analysis is used initially as a filter in a BLAST search of the NCBI protein database. The strength of the procedure is demonstrated by the classification of 29 families of secondary transporters into a single structural class, termed ST[3]. An exhaustive search of the database revealed that the 29 families contain 568 unique sequences. The proteins are predominantly from prokaryotic origin and most of the characterized transporters in ST[3] transport organic and inorganic anions and a smaller number are Na þ /H þ antiporters. All modes of energy coupling (symport, antiport, uniport) are found in structural class ST[3]. The relevance of the classification for structure/function prediction of uncharacterised transporters in the class is discussed.
Secondary transporters are a diverse class of integral membrane proteins that are found in all kingdoms of life. They translocate solutes across biological membranes driven by trans membrane gradients and are involved in important cellular functions; besides the uptake of nutrients, secondary transporters operate in processes like the excretion of metabolic end products, metabolic energy generation, pH homeostasis, osmoregulation, defence mechanisms, neurotransmission and brain function.
Estimates based on the sequence of a number of bacterial genomes revealed that up to 7% of the proteome may be secondary transporters. 1 Although the number of genes coding for secondary transporters varies considerably between different organisms it is estimated that 20,000 -30,000 of the roughly 750,000 entries that are currently (April 2002) in the protein database at the National Center for Biotechnology Information (NCBI) † are secondary transporters. Sequence analysis has revealed the existence of a few large superfamilies of secondary transporters, e.g. the major facilitator superfamily 2 (MFS) and the amino acid/polyamine/organocation superfamily 3 (APC), and many more smaller families. The transport protein classification (TC) system developed by Saier and co-workers 4 now lists 78 different families in the uniporters, symporters and antiporters category ‡. Possibly, all these transporter proteins have a single common ancestor that has evolved to the large diversity of proteins known today. However, a common evolutionary pathway of secondary transporters from different (super)-families cannot be detected anymore from a comparison of the amino acid sequences. The sequence identity between members of different families is in the same order as expected for random sequences of the same composition. In general, evolutionary relationships between proteins may be detected at three levels: (i) a close relationship follows when a significant sequence identity is observed after optimal alignment of the two amino acid sequences; (ii) a more distant relationship is detected by local alignment procedures, like the BLAST algorithm, 5 that search for significant identities between parts of the sequences; and (iii) even more distant relationships are revealed when the three-dimensional structures of the proteins are compared. The latter is a manifestation of the fact that structure is much better conserved during evolution than amino acid sequence. Detection of similarity at the structural level requires the availability of a large database of protein structures 6 -8 which is not available for membrane proteins. Despite considerable progress in the last few years the number of available structures of membrane proteins is still very low compared to soluble proteins. For secondary transporters, only a few low resolution projection structures and 3D reconstructions from electron microscopy are available.
9 -14 Previously, we have explored the possibility of using hydropathy profiles 15 of the amino acid sequences as a substitution for 3D structures to demonstrate distant evolutionary relationships between membrane proteins. 16, 17 The use of hydropathy profiles to predict secondary structure of membrane proteins is widely spread. 18, 19 To use the profiles to compare the 3D fold of the proteins requires that they contain information on tertiary structure as well. Using family-averaged hydropathy profiles and statistical approaches, a number of families of secondary transporters were grouped in four different structural classes. 16 The families in a structural class have the same fold and, therefore, are related. Here, we report on an exhaustive search of the NCBI protein database to identify all proteins that belong to one of the structural classes, termed ST [3] (secondary transporters (class 3)). ST [3] is part of a larger membrane protein classification scheme. The class is supplied as an electronic appendix (see Supplementary Material) to this paper and is stored in the MemGen relational database of membrane proteins that will be updated regularly †.
The MemGen classification
Structural class ST [3] contains 568 unique sequences classified in 29 families and 48 subfamilies (Table 1) , many of which had not been shown to be related before. The 29 families include 15 families present in the TC system, 4 11 of which were assigned to the putative superfamily of ion transporters 20 (IT superfamily). Fourteen families in ST [3] are not present in the TC system. Subfamilies in the MemGen classification represent proteins that produce significant pair-wise sequence identities in a multiple sequence alignment (CLUSTAL. 21, 22 ) Apart from grouping sequences that are clearly related throughout the whole sequence, the classification in subfamilies serves the purpose of producing the averaged hydropathy profiles that rely heavily on a reliable multiple sequence alignment. Pair-wise sequence identities within the subfamilies range between 19 and 63%. The structure divergence score (SDS) is a measure of the divergence of the individual hydropathy profiles of the members in a subfamily relative to the averaged hydropathy profile. As observed before, SDS values are typically between 0.10 and 0.12 hydrophobicity units. 16 Subfamilies are grouped in families when local sequence alignment tools indicate that the members in the different subfamilies are related. The assignment is based on the Expect value produced by a BLAST search 5 of the NCBI protein database ‡. The family level represents the most distant relationship between proteins that can be detected based up on the amino acid sequences. The MemGen family level corresponds more or less to the family level in the TC classification system 4 ( Table 1 ). The structural relationship between the subfamilies of most families is evident from the alignment of the averaged hydropathy profiles that result in values for the S-test below 1 ( Table 2 , upper off-diagonal elements). The S-test compares the difference between two averaged profiles after optimal alignment (PDS; profile difference score) with the divergence of the individual profiles within each of the two averaged profiles (SDS). 16 An S-test value of 1 indicates that the "distance" between two averaged profiles is the same as the divergence within the two averaged profiles and an S-test value of @ 1 indicates that the two averaged profiles are dissimilar. The low pair-wise S-test values for the subfamilies show that the profiles are very similar, even though sequence identities between members of the different subfamilies are well below 25%.
The averaged profile alignment of the [st307]DCTM subfamilies reveals an inherent weakness of the alignment algorithm when hydropathy profiles are complex, containing many hydrophobic segments and extensions/insertions that are not present in both profiles. Then, the calculated optimal alignment may not represent a physical reality and the alignment must be done completely by hand. Nevertheless the result of this exercise was an S-test value of 0.60 ( Building the class.
Step 1: a random sequence from one of the families was used as the query in a BLAST search of the NCBI protein database. All hits up to a pE value of 10 (pE is defined as the absolute value of the exponent of the Expect value) were stored in the local MemGen database. The BLAST search was performed without setting any filters and "composition based statistics" was not applied. The imported sequences were sorted in the categories trash (truncates and reading frame errors, etc), database duplicates (.98% identical and from the same organism), similars (.60% identical to a typical) and typicals (represents a group of linked proteins that consists of one typical and a variable number of similar groups and database duplicates). The typical groups were aligned with the CLUSTAL X multiple sequence alignment program 21 and the first subfamily was created by selecting the group of proteins, including the query sequence, with pair-wise sequence identities of at least 20-25%. The procedure was then repeated with a BLAST search of the typical sequence with the highest pE value that was not included in the subfamily. If the BLAST search produced new hits with pE values higher than 10, these were imported, sorted and aligned with the remaining typical groups from the previous BLAST search. Subsequently, the next subfamily was defined containing the new query. The procedure for constructing subfamilies was repeated until no new hits with pE . 10 were found and all proteins in the multiple sequence alignments had been assigned to a subfamily.
Step 2: the BLAST results of all the typical sequences found in step 1 were collected and stored in a local database. All hits with pE values of greater than 2 that were not yet in the MemGen database were imported and a decision was made whether or not they belonged to the class for which a number of techniques were used: the hits with high pE values were aligned with all the typicals in the subfamilies, which usually resulted in the assignment of the hit to one of the subfamilies as duplicate, similar or typical. For the hits with low pE values the sequence identities obtained in the alignment procedure was usually below 30%. Then the decision to assign the protein to the class was made based on the results of a BLAST search of the hit using different settings of the parameters ("low complexity region filter", "composition based statistics", etc.), visual inspection of the hydropathy profile, and/or hydropathy profile alignment with all the proteins in the subfamilies. 16 With low pE values, a hit assigned to the class usually resulted in a new subfamily. The procedure was repeated to account for hits produced by the newly assigned typical groups until all hits with a pE of 2 or higher were evaluated.
a For the procedure to group subfamilies into families see Table 2 .
b Whenever possible the reader is referred to a recent review.
resulting alignment extends over 1000 positions and contains over 20 hydrophobic regions. The complex structure of the proteins will be discussed elsewhere. The alignment of the family hydropathy profiles of the [st312]NHAC2 subfamily with the [st312]NHAC1 and [st312]NHAC3 subfamilies results in S-test values larger than 1, indicative of significant differences between the profiles (Table 2(E)). Therefore, the overall folding of the proteins is unlikely to be the same even though seemingly significant sequence homology exists between parts of the proteins in subfamily [st312]NHAC2 and the other [st312]NHAC subfamilies. Hydropathy profile alignments provide a more stringent criterion for classification than the BLAST expect value, because it is a "full sequence" property, i.e. the profiles of the query and the true positive picked up in this way are similar over the complete sequence as should be the case for proteins with a similar fold. In contrast, the local alignments of Structural classes group families of membrane proteins with similar averaged hydropathy profiles. The criterion for structural similarity is based on a statistical analysis of the difference between the averaged profiles after optimal alignment and the divergence observed in the individual profiles of the members of the families. 16 Fourteen of the 29 families in ST [3] contain at least one subfamily with six or more sequences which allows the construction of an averaged hydropathy profile and the calculation of a meaningful SDS value based In the MemGen classification the following operational definition of a family is used. Two subfamilies belong to the same family when, in a BLAST search, the typicals in one subfamily "hit" 50% of the typicals in the other subfamily with a pE value of 8 or more. A second way by which two subfamilies are grouped in one family is when the 50% criterion given above is made via a third subfamily. So, when subfamily A produces 50% hits with a pE value of 8 or more with subfamilies B and C, but B and C produce less than 50% hits, B and C are still in the same family. 58, 59 The lower off-diagonal elements indicate the number of observed links between the subfamilies as a percentage of the total number of possible links using a pE threshold of 8. The upper off-diagonal elements indicate the S-test value obtained from the optimal alignment of the averaged hydropathy profiles of the subfamilies. No value is given when a subfamily contains too few proteins to produce a reliable averaged hydropathy profile. For a definition of the S-test see Lolkema & Slotboom. 16 on the multiple sequence alignment. The averaged hydropathy profiles of subfamilies from different families were aligned to confirm the structural relationship between the families. Table 3 lists the results of the alignments of pairs of subfamilies. With few exceptions (see below), the S-values of the profile alignments were close to 1, justifying their classification in one structural class. The pairs of subfamilies given in Table 1 Fifteen of the 29 families in ST [3] did not contain subfamilies with a sufficient number of proteins to construct a reliable averaged profile. From each of the subfamilies in these 15 families, a protein was selected, of which the hydropathy profile was aligned with the averaged hydropathy profiles of the subfamilies for which an SDS value was available. The difference between the profiles (PDS) was compared to the SDS value of the averaged profile. The PDS values were similar to the SDS values, indicating that the difference between the individual profile and the family profile was similar to the average difference of the individual profiles within the family profile (results not shown). In other words, the query profile could well have been a member of the family profile. It should be noted that this criterion for structural similarity is less stringent than the comparison of family profiles, which allows for a statistical test in the form of the S-value:
The transporters of structural class ST [3] A remarkable fraction of the proteins in class ST [3] The averaged hydropathy profiles of subfamilies in different families were aligned. Subfamilies with at least six sequences were included in the analysis.
a Highest pE value observed between proteins in the two subfamilies. b Percentage of links with the highest pE value between proteins in the two subfamilies observed by the BLAST algorithm. c Profile difference score. 16 [st303]AIT2 where they constitute roughly half of the proteins. Remarkably, proteins from eukaryotic microorganisms are poorly represented in ST [3] with only a single protein from Dictyostelium discoideum in [st304]ArsB4.
As expected, few proteins in class ST [3] have been functionally characterised. Best studied examples are ARSB, the subunit of the arsenical resistance pump of Escherichia coli 23 29 Summarizing, the substrates of the transporters in class ST [3] seem to be of either of two types, anions and Na/H ions. In this respect, the activity of the protein YQKI of Bacillus subtilis in subfamily [st312]NHAC1 is interesting as it is believed to combine the activities of Na þ /H þ antiport and malate/lactate antiport. 30 Secondary transporters are driven by trans membrane gradients of solutes and ions, and they couple fluxes in a number of different ways. All these different modes of energy coupling seem to be represented by the transporters in class ST [3] . Na 
Comparative hydropathy profile analysis
Predicting the membrane topology by computational methods is usually the first step in the study of a membrane protein, and the computational methods are becoming more and more important now that the number of sequences representing membrane proteins in the databases increase rapidly as the result of genome sequencing projects. The classification procedure we propose here, in principle, brings together membrane proteins with the same structure, without knowing the structure. Nevertheless, the classification may make strong predictions about certain aspects of families in a structural class by a comparative analysis as will be demonstrated for the [st324]GLTS and [st326]2HCT families.
Both the [st324]GLTS and [st326]2HCT families are very weakly linked to the other families in ST [3] based on sequence alone. Between members of the two families, only a few links with a pE value of 0 were observed (Table 3) . Nevertheless, the hydropathy profiles of the two families are very similar (S-value of 0.96; Figure 1(A) ) confirming their classification in one and the same structural class. While no structural information is available on members of the [st324]GLTS family, the structure of several members of the [st326]2HCT family has been studied using mutagenesis and gene fusion techniques. Membrane topology studies of the Na þ -dependent citrate transporter CitS of K. pneumoniae have revealed the presence of 11 transmembrane segments (TMSs; Figure 1(B) ). The N terminus is located in the cytoplasm and the C terminus in the periplasm. A twelfth hydrophobic segment around position 210 (Figure 1 ), predicted by most secondary structure prediction programs to be transmembrane, is located in the periplasm between TMSs V and VI and termed VB. 28,31 -33 TMS XI and the cytoplasmic loop preceding this segment are part of the substrate binding site. 27, 34, 35 A conserved arginine residue at the interface of TMS XI and the loop was shown to directly interact with the substrate. The family hydropathy profile alignment of the GLTS and 2HCT families reveals that (i) the 2HCT, which is located at the periplasmic side of the membrane. Remarkably, prediction of the membrane topology of GltS of E. coli by the TMHMM program 37 agrees with the periplasmic location of the segment. (iii) The moderately hydrophobic peak in the profile around position 440 does not represent a transmembrane segment but is cytoplasmic. This region is likely to contain the glutamate binding site. Recent experiments on the citrate/malate transporter CimH of B. subtilis in the [st326]2HCT family suggest that the conserved region between TMS X and XI may fold back between the helices, forming a re-entrant loop. 35 Such a structure would explain the hydrophobic character of the loop in the hydrophobicity plot. 38 (iv) The N and C termini are located in the periplasm.
Most importantly, the analysis shows that the structural classification presented here can be verified experimentally by relatively simple experiments. If the structural and functional features of the members of the [st326]2HCT and [st324]GLTS families that are very distant in ST [3] , would correctly coincide as predicted above, this would strongly support the classification procedure and demonstrate the predicting power of hydropathy profile alignments. Currently, we are expanding the analysis to the other families in ST [3] and are verifying the predictions made for the [st324]GLTS family by studying the structural and functional features of GltS protein of E. coli experimentally. 
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